2521 the metabolic pathway ( 3 ). Ceramide undergoes anabolic reactions to generate sphingomyelin and various glycosphingolipids, or catabolic reactions, which lead to the generation of sphingosine and sphingosine-1-phosphate (S1P). Alterations in ceramide metabolism have been implicated in many pathophysiologies, including aging ( 4-6 ), neurodegeneration ( 7, 8 ) , metabolic diseases ( 9-15 ), cancer (16) (17) (18) (19) (20) , and stress responses ( 5 ). However, the mechanisms that regulate cellular ceramide levels under physiologic and pathophysiologic conditions are still not well-understood.
Sphingolipids are a structurally and functionally diverse family of lipids that serve as membrane components and signaling molecules ( 1, 2 ) . In the endoplasmic reticulum (ER), serine palmitoyltransferase (SPT) catalyzes the fi rst and rate-limiting step of de novo sphingolipid biosynthesis with the condensation of serine and palmitoyl-CoA to form a sphingoid base that is eventually converted to ceramide, a key sphingolipid that occupies a central hub in
Immunoblotting
Microsome preparations from the livers of the adenovirusinjected mice were used for immunoblotting with the anti-sptlc1 (BD Biosciences) antibody. Total liver homogenate was used for all other immunoblotting experiments. Liver was homogenized in RIPA buffer (Boston BioProducts) with protease inhibitors (Thermo Scientifi c), crude liver homogenate centrifuged at 8,000 g , and the resulting supernatant stored at Ϫ 80°C. A PVDF membrane was used when immunoblotting with anti-LC3B (Sigma-Aldrich); nitrocellulose membranes were used in all other cases . Chemiluminescence detection was used when analyzing samples from SPT-adenovirus-injected mice; when analyzing samples from Atg7indKO, Atg7LKO, and Atg7 lox/lox mice, the LI-COR Odyssey system was used.
Lipid analysis
Mass spectrometry. Sphingolipids in plasma and liver homogenates were measured by high-performance liquid chromatography-tandem mass spectrometry by the Lipidomics Core at the Medical University of South Carolina on a Thermo Finnigan TSQ 7000 triple quadrupole mass spectrometer, operating in a multiple reaction monitoring-positive ionization mode as described ( 47 ) .
Triglyceride assay. Liver was homogenized in PBS and protein content was measured with the BCA protein assay (Thermo Scientifi c). Lipids were extracted using chloroform/methanol (2:1), dried overnight, and resuspended in isopropanol. Triglyceride content was measured with triglyceride reagent (Pointe Scientifi c, Inc.).
Microscopy
Mice were perfused with 4% paraformaldehyde. Fixed liver tissue was embedded in OCT medium. Oil Red O (ORO) staining was performed by Histoserv, Inc. Sections were examined on a Leica DMLB microscope. For confocal microscopy, 8 m-thick liver sections were cut from tissue embedded in OCT medium. Sections were fi xed again in 4% paraformaldehyde and counterstained with 4',6-diamidino-2-phenylindole (DAPI) . Sections were examined in a LSM 5 Live Duoscan (Zeiss) confocal microscope and analyzed with Zen 2009 software. For electron microscopy, liver tissue was fi xed with 1% glutaraldehyde/4% paraformaldehyde at 4°C for 24 h. Further processing was performed by JFE Enterprises. Sections were examined with an electron microscope (Philips EM 410).
Quantitative PCR
Total RNA from mouse liver was purifi ed using the RNeasy mini kit (Qiagen). Total RNA (1 g) was fi rst digested with DNase I and subsequently reverse-transcribed with the SuperScript First-Strand synthesis system (Invitrogen) by following the manufacturer's instructions. Expression levels of mRNA were determined by using predesigned assay-on-demand probes and primers (Applied Biosystems) on an ABI Prism 7700 sequence detection system (Applied Biosystems).
Statistical analysis
Unpaired Student's t -tests were performed to compare results between different groups. P < 0.05 was considered statistically signifi cant.
RESULTS

Autophagy regulates sphingolipid levels
We sought to determine whether autophagy regulates sphingolipid levels by using mice with an inducible deletion In this study, we have addressed the function of autophagy in controlling sphingolipid levels in the liver, an organ system where autophagy serves critical functions in maintaining homeostasis and preventing metabolic disease (38) (39) (40) . We have found that when autophagy is genetically blocked in the liver, several sphingolipid species, including ceramide, increase substantially. To determine whether elevations in SPT activity in liver can, in turn, trigger autophagy, we expressed the SPT holoenzyme for the fi rst time in vivo, enabling direct initiation of de novo sphingolipid biosynthesis. We found that the elevated SPT activity with concomitant sphingolipid synthesis induces autophagy in the liver. The results demonstrate that autophagy controls sphingolipid levels in vivo and suggests the possibility that dysfunctional autophagy in numerous pathologic conditions may cause alterations in sphingolipid homeostasis.
MATERIALS AND METHODS
Plasmid and adenoviral construction
The construction of the fusion SPT (fSPT) gene has previously been described, as has the mutant fSPT (Mut-fSPT) gene that was used as a control ( 41 ) . fSPT was inserted in the multiple cloning site of the dual-CCM and the dual green fl uorescent protein (GFP)-CCM vectors (Vector BioLabs). Construction of the adenovirus vectors, incorporation into the human adenovirus serotype 5 (DE1/E3), amplifi cation of the virus stock, and CsCl amplifi cation were performed by Vector BioLabs to generate the fSPT-, fSPT-GFP-, Mut-fSPT-, and null-adenoviruses.
Mice and infections
Wild-type C57BL6 mice were purchased from the mouse repository at NCI , Frederick, MD. All mice used throughout the study were on a C57BL6 background. GFP-LC3 +/+ ( 42 ) Mx-cre) and Atg7LKO (Atg7 loxl/lox Alb-cre) mice, respectively. Atg7-indKO mice were injected after weaning with 300 l poly(I:C) solution (1 mg/ml in water) three times at 48 h intervals, as previously described ( 43 ) , to induce Cre expression and harvested 3 weeks after the last injection. C57BL6 mice, GFP-LC3 +/+ transgenic mice, and Atg7LKO mice (with their controls) were used at around 7-10 weeks of age. PCR with mouse-tail DNA was used to determine the genotype of the GFP-LC3, Atg7 lox , and Cre loci; primers and conditions for all PCRs have been previously described ( 42, 44 ) . Mice were infected with a tail-vein injection of 5 × 10 mice ( Fig. 1A ) . These results indicate that autophagy has a major role in limiting sphingolipid metabolites including ceramide in the liver.
To investigate whether SPT, the enzyme that initiates de novo sphingolipid biosynthesis, was increased, we determined protein levels of Sptlc1 and Sptlc2. Immunoblot analysis demonstrated a substantial increase in the levels of Sptlc1 and Sptlc2 subunits in the livers of autophagydefective mice compared with the livers from control mice ( Fig. 1B ) . SPT enzymatic activity was also signifi cantly increased in the livers of autophagy-defective mice compared with livers from control mice ( Fig. 1C ) . Sptlc1 mRNA levels were not increased in livers of autophagy-defective mice compared with the livers from control mice ( Fig. 1D ) , indicating that altered transcriptional regulation of Sptlc1 did not contribute to increased SPT activity. Interestingly, of Atg7 , a gene essential for autophagosome formation. In these autophagy-defective mice (Atg7-indKO, having the genotype Atg lox/lox Mx-cre), the Atg7 gene is deleted in multiple tissues in adult mice, including the liver, by stimulation of Cre recombinase expression through administration of poly(I:C ) ( 42 ) .
Sphingolipid levels were quantifi ed in the liver of autophagy-defective (Atg7-indKO) and control (Atg7 lox/lox ) mice. Mass spectrometry analysis was performed to determine the levels of ceramide, dihydroceramide, sphingosine, dihydrosphingosine, S1P, and dihydro-S1P. Compared with control mice, the autophagy-defective mice showed a signifi cant increase in their total liver ceramide levels, as well as those of several individual ceramide species ( Fig. 1A ) . Dihydrosphingosine, dihydroceramide, and sphingosine levels were also increased in the livers of the autophagy-defective Fig. 1 . Deletion of Atg7 increases ceramide and SPT levels in the liver. Liver homogenates from Atg7-indKO and control (Atg7 lox/lox ) mice were used to measure sphingolipid concentration (A) and for immunoblotting, with quantitation of the bands. Actin was used as a loading control (B). Microsomal membranes were isolated and used to perform SPT assays (C). RNA was isolated and used for quantitative PCR analysis (D). Data for individual ceramide species, protein expression, SPT activity, and mRNA expression are presented as mean (±SEM) (Atg7 lox/lox n = 6, Atg7indKO n = 5; * P < 0.05, ** P < 0.01, *** P < 0.001). Cer, ceramide; dhC16-Cer, dihydro-C16-ceramide; dhS1P, dihydrosphingosine-1-phosphate; Sph, sphingosine; Mass spectrometry analysis was performed to determine the levels of ceramide, dihydroceramide, sphingosine, dihydrosphingosine, S1P, and dihydro-S1P in the liver and plasma of mice 24 h after administration of the high-dose fSPT-adenovirus. Most of the ceramide species were substantially increased by this treatment; total ceramide was increased by 2-fold and 3.5-fold in the liver and plasma, respectively ( Fig. 3A, B ) . A large increase was observed for dihydrosphingosine and dihydroceramide both in the liver and in the plasma. These sphingolipids are generated during the initial steps of de novo sphingolipid biosynthesis, before ceramide formation, and an increase in their concentrations is consistent with increased fl ux of substrate unlike the protein subunits of SPT, calnexin, another resident protein of the ER, was not increased in the livers of the autophagy-defective mice compared with the livers from control mice ( Fig. 1B ) , suggesting an autophagy-specifi c effect toward SPT.
To confi rm that the changes in sphingolipid metabolism seen with the Atg7-indKO mouse were not secondary to an extrahepatic effect of autophagy, we conducted the same experiments described above with another line of mice with a solely liver-specifi c deletion of Atg7 (Atg7LKO) using Cre recombinase driven by the albumen promoter. The Atg7LKO mice, having the genotype, Atg lox/lox albumenCre recapitulated all the results that were seen with the Atg7-indKO mice (supplementary Fig. I ) including the substantial increase in ceramide levels. Collectively, these results show that a block in hepatic autophagy has a large impact on sphingolipid metabolism in the liver.
In vivo SPT overexpression
We sought to determine whether elevation of the sphingolipid metabolic pathway was a positive regulator of autophagy in the liver. SPT is a heterotrimer consisting of two large subunits (SPTLC1 and SPTLC2 or its functional isoform SPTLC3) and one small subunit (ssSPT isoforms a or b). To facilitate the expression of an active SPT enzyme in vivo, a fSPT gene, which contained the human subunits SPTLC1, SPTLC2, and ssSPTa as a single in-frame polypeptide chain (SPTLC2-ssSPTa-SPTLC1), was utilized ( Fig. 2A ) . The fSPT protein, which had previously been shown to have catalytic activity similar to the wild-type enzyme ( 41, 48 ) , was incorporated into an adenovirus (fSPT-adenovirus). A point mutation in the catalytic site of the fusion SPT (Mut-fSPT) that leads to inactivation of the enzyme ( 49 ) was used to generate a control adenovirus (Mut-fSPT-adenovirus). A second control adenovirus with no SPT gene (null-adenovirus) was also used. Intravenous injection of the adenoviruses was used for liver-directed expression ( Fig. 2A ) .
Induction of liver SPT activity and sphingolipid metabolites with fSPT-adenovirus
We evaluated induction of SPT expression in the liver of C57BL6 mice using two doses of fSPT-adenovirus [low dose: 5 × 10 8 plaque-forming units (PFU)/mouse; high dose: 5 × 10 9 PFU/mouse] by immunoblotting and detection of enzymatic activity. Immunoblotting was performed with an antibody to SPTCL1, which reacts with both fSPT and endogenous mouse Sptlc1. fSPT protein was very highly expressed relative to the endogenous Sptlc1 in the livers of mice injected with the highest dose of virus ( Fig. 2B ) . Correspondingly, the level of SPT activity was 12-fold higher in liver microsomes isolated from the high-dose fSPTadenovirus-injected mice compared with liver microsomes of control-adenovirus-injected mice ( Fig. 2C ) . At the low dose, the fSPT protein was readily detectable at day 3 and its expression levels progressively increased until day 10; on day 14, fSPT protein levels substantially declined ( Fig. 2D ) . The protein-expression data correlated with SPT enzymatic activity ( Fig. 2E ), which showed a 3-fold increase over control on day 10 and a decline on day 14. 9 PFU (high dose) of fSPT-adenovirus (fSPTAd) or control adenovirus, livers were harvested at 24 h, and microsomal membranes were isolated and used for immunoblotting (B) and SPT assay (C). Mice were injected with 5 × 10 8 PFU (low dose) of fSPT-Ad or control adenovirus, livers were harvested on day 3, 6, 10, or 14, and microsomal membranes were isolated and used for immunoblotting (D) and SPT assay (E). The control adenovirus used was the null-adenovirus. The band running immediately above sptlc1 in (D) is nonspecifi c. Calnexin is used as a loading control. SPT activity data are presented as mean (±SEM) (n = 3; * P < 0.05, ** P < 0.01, *** P < 0.001). extent of infection in the liver was monitored by the expression of an fSPT-containing adenovirus that also expressed GFP from a separate promoter. The high dose of this virus produced GFP expression to a much greater extent and intensity in liver cells than the low dose (supplementary Fig. IIIC) .
The high dose of fSPT-adenovirus caused lethality in the majority of the mice within 32 h postinjection (supplementary Fig. IIIB) . However, at 24 h, the hepatocytes showed little evidence of apoptosis by deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays (supplementary Fig. IV) . The same dose of a control virus (Mut-fSPT-adenovirus or null-adenovirus) was not lethal over a 1 week observation period (data not shown). In contrast to the lethality seen with the high dose of fSPTadenovirus, the 10-fold lower dose of fSPT-adenovirus was well-tolerated, with mice showing no apparent signs of adverse reaction.
The results demonstrated that robust SPT activity in the liver could be generated from the fSPT protein, leading to elevations of sphingolipid metabolites in both liver and plasma. The results also showed that at high levels of SPT activity, liver toxicity occurred, which provided a dramatic illustration of the necessity for tight regulation of the pathway ( 50 ). through the de novo pathway. Sphingosine and S1P, which are generated further down the pathway by degradation of ceramide, were signifi cantly increased in the liver but not in the plasma ( Fig. 3A, B ) .
In the mice treated with the low dose of fSPT-adenovirus, several species of ceramide were increased in the liver, albeit to a lower extent compared with the high dose. Total ceramide levels were increased both at day 3 and day 10, and to approximately the same extent (19% and 22%, respectively) ( Fig. 4A, B ). Increases were also observed in dihydrosphingosine and dihydroceramide, consistent with increased de novo sphingolipid biosynthesis ( Fig. 4A, B ) . In the plasma, the increases in sphingolipid metabolites in the fSPT-adenovirus-injected mice were, for the most part, not statistically signifi cant (supplementary Fig. IIA, B) .
Administration of the high dose of fSPT-adenovirus produced highly elevated serum levels of alanine aminotransferase and aspartate aminotransferase compared with treatment with the control adenovirus, indicating active fSPT expression caused liver damage (supplementary Fig.  IIIA) . In contrast, serum alanine aminotransferase and aspartate aminotransferase levels were not signifi cantly changed after administration of the lower dose of fSPTadenovirus relative to treatment with the same dose of a control virus (supplementary Fig. IIIA) . The relative Fig. 3 . Sphingolipid levels following high-dose fSPT-adenovirus administration. Mice were injected with the high dose (5 × 10 9 PFU) of fSPT-adenovirus (fSPT-Ad) or control adenovirus, and livers and blood were harvested at 24 h. Concentrations of ceramide species with different fatty acid chain lengths, and of dihydrosphingosine-1-phosphate (dhS1P), S1P, dihydro-C16-ceramide (dhC16-Cer), dihydrosphingosine (dhSph) and sphingosine (Sph) are shown in liver homogenates (A) and plasma (B). The control adenovirus used was the null-adenovirus. Data for individual ceramide species are presented as mean (±SEM) (n = 4; * P < 0.05, ** P < 0.01, *** P < 0.001). Cer, ceramide. Supplemental Material can be found at: ( Fig. 6Ai, ii ) , multiple membranous concentric structures ( Fig. 6Aiii ) , abundant autophagophore-like structures ( Fig. 6Aiv ) , and lipid droplets extensively associated with membranous structures ( Fig. 6Av ) .
In mice receiving the low dose of fSPT-adenovirus, hepatocytes had a normal appearance ( Fig. 6Bi ) , nevertheless, autophagosomes were frequently observed, and demonstrated a more classical appearance than the autophagosomes observed with the high dose of fSPT-adenovirus ( Fig. 6Bii, iii ) . Small lipid droplets were often included within autophagosomes ( Fig. 6Biv ) , and several large lipid droplets contained multiple membranes ( Fig. 6Bv ) , both of which are characteristic signs of lipophagy ( 33 ) , the autophagy of lipid droplets, a process where autophagosomes deliver triglycerides to lysosomes for degradation.
Because of the ultrastructural evidence of autophagy of lipid droplets in fSTP-adenovirus-treated mice, we next sought to determine if the increase in de novo sphingolipid biosynthesis initiated by SPT had an effect on hepatic triglyceride degradation, a pathway that involves lysosomal function during autophagy ( 33 ) . Obese mice, which store excess triglycerides in the liver, were injected with either a low dose of fSPT-adenovirus or a control adenovirus. Three days after the injections, ORO staining in liver sections and triglyceride measurements in liver homogenates revealed signifi cantly reduced lipid levels in the livers of SPT-overexpressing mice compared with the livers from control mice ( Fig. 6C, D ) . These results are
Increased SPT activity leads to an upregulation of autophagy
Having established an effective means to elevate SPT activity in the liver and initiate de novo sphingolipid biosynthesis, we sought to determine whether increased SPT activity leads to an upregulation of autophagy in the liver. We utilized GFP-LC3 +/+ transgenic mice, in which the autophagic process can be visualized in tissues by the characteristic appearance of GFP-LC3-positive puncta, representing autophagosomes ( 43 ) . Administration of both the high dose and low dose of fSPT-adenovirus led to a marked increase of GFP-LC3 puncta ( Fig. 5A ) . The high dose caused the appearance of substantial GFP-LC3 puncta at day 1 (24 h). Induction of GFP-LC3 puncta with the lower dose of fSPT-adenovirus was observed at day 3. Immunoblot analysis of liver extracts confi rmed that fSPT expression stimulated the conversion of the nonlipidated form of LC3 (LC3-I) to the lipidated form (LC3-II) ( Fig. 5B ) that is associated with the membranes of autophagosomes. However, the expression of fSPT did not alter the levels of Atg7.
Electron-microscopy analysis was performed to gain insight into the autophagic process that was occurring in the mice with elevated SPT activity. Livers from mice receiving the high dose of fSPT-adenovirus [at 24 h, when little apoptosis was detectable (supplementary Fig. IV) ] showed dramatic changes, with the most striking being the appearance within hepatocytes of atypically large vacuoles that contained several types of structures and organelles ER membranes containing excessive ceramide in the proximity of SPT. During the process of ER-phagy, delimiting membranes of autophagosomes are derived from the ER itself and contain characteristic multilamellar structures ( 32 ) .
Several studies have implicated the sphingolipid metabolic pathway in autophagy through direct addition of sphingolipids ( 21, 52 ) , the use of inhibitors of metabolism (either chemical or genetic) ( 24 ) , and by indirect activation of de novo biosynthesis ( 17, 25, 53, 54 ) . In our study, we asked if initiation of de novo sphingolipid biosynthesis alone, in the absence of other stimuli, could directly activate autophagy in the liver, an organ where autophagy has been shown to be critical for maintaining normal homeostasis and preventing metabolic disease ( 38 ) . We found that when SPT activity was elevated, even marginally, autophagosome formation was dramatically increased. With high levels of SPT activity, remarkably abundant multilamellar membranes surrounded by autophagophore-like structures were observed. To some extent, these may resemble karmelae structures ( 55 ) . Potentially, the SPT protein may be involved in their formation ( 56 ), or they may be due to increased autophagy fl ux, as they also bear similarity to the concentric membranous structures that are generated when there is a downstream block in autophagy ( 42 ) . Because autophagy has been shown to modulate the mobilization of cellular lipid stores in the liver, a process often termed macrolipophagy or lipophagy ( 33, 57 ), we assessed the levels of hepatic triglycerides as a functional correlate of autophagy. Triglyceride stores were reduced after autophagy induction by increased SPT expression. Electron microscopy revealed autophagosome-like structures associated with lipid droplets when de novo sphingolipid biosynthesis was elevated. The results are consistent with the conclusion that functional autophagy is greatly stimulated by elevated SPT activity ( Fig. 7 ) .
Although the exact means of how increased sphingolipid metobolism regulates autophagy is not well-understood, many studies have pointed to direct signaling by ceramide as a mechanism to stimulate autophagy (reviewed elsewhere) ( 17, 53, (58) (59) (60) . In particular, ceramide has been shown to induce autophagy via direct anchoring of autophagosomes to mitochondria ( 21 ) , through downregulation consistent with the conclusion that excessive de novo sphingolipid synthesis drives autophagy-dependent triglyceride degradation.
DISCUSSION
Sphingolipid metabolism must be tightly regulated to maintain proper amounts of complex sphingolipids in membranes and to control levels of highly bioactive intermediates such as ceramide and S1P. The regulatory mechanisms that operate to control sphingolipid metabolism are only now beginning to be understood ( 1 ). Here we describe autophagy as a mechanism to regulate sphingolipid levels in vivo ( Fig. 7 ) .
Mice defi cient in the expression of Atg7 , a gene required for autophagosome biogenesis, had highly elevated ceramide levels in the liver. Such an increase in ceramide could be the result of a block in the degradation of ceramide, increased de novo biosynthesis, and/or increased recycling of complex sphingolipids. The fi nding that SPT protein and activity are highly elevated in the liver of Atg7 -KO mice is consistent with an increase in the fl ux of substrate though the de novo pathway, providing a mechanism to explain the increased dihydrosphinglipids which were also present. Other effects of autophagy on the sphingolipid metabolic pathway are likely, including a direct role in degrading ceramides, which may be incorporated as components of the autophagosome membrane ( 25 ) .
How can autophagy regulate SPT activity? Normal mRNA levels of Sptlc1 in the livers of autophagy-defective mice suggest that the regulation is not the result of a transcriptional response to a block in autophagy. Neither does it seem to be due to a generalized block in autophagy of the ER, as the SPT subunits are enriched relative to the ER protein calnexin in the Atg7 -defective mice. Instead, our results may be consistent with a selective ER autophagy mechanism that targets SPT specifi cally. A selective autophagic process termed "ER-phagy" or "reticulophagy," in which damaged or excess ER formed in response to aggregated proteins is removed, has previously been described ( 51 ) . A similar mechanism may regulate SPT levels through direct autophagic targeting of the protein subunits or 
GFP-LC3
+/+ mice were injected with high (5 × 10 9 PFU) or low (5 × 10 8 PFU) dose of fSPT-adenovirus (fSPT-Ad) or Mut-fSPT-adenovirus (control). Mice injected with the high dose were perfused with 4% paraformaldehyde (24 h) after injection; mice injected with the low dose were perfused 3 days after injection. Liver sections were examined by confocal microscopy. The GFP-LC3 puncta per fi eld were counted and the mean (±SEM) of eight fi elds is shown for each treatment (A). Wild-type mice were injected with a low dose (5 × 10 8 PFU) of fSPT-Ad or Mut-fSPT-adenovirus (control). Livers were harvested 3 days after injection. Immunoblotting was performed on liver homogenates (B). Actin was used as a loading control. Supplemental Material can be found at: S1P phosphohydrolase-1, an enzyme that dephosphorylates intracellular S1P, triggers ER-stress-induced autophagy because of the increased intracellular S1P levels ( 65 ) . Extracellular S1P, acting through the cell surface receptor, S1P5, has been shown to induce autophagy in prostate cancer cells, possibly as a mechanism that promotes cell survival ( 66 ) .
The initiation of de novo sphingolipid biosynthesis has been diffi cult to study in isolation because of an inability to directly express SPT, the fi rst committed enzyme in sphingolipid biosynthesis. The full subunit structure of SPT was only recently recognized with the identifi cation of the small subunit SPT, which is required along with two different large subunits for full SPT activity. The demonstration that a fusion of the two large subunits (SPTLC1 and SPTLC2) with one small subunit (ssSPTa) of nutrient transporters ( 23, 61 ) , as well as through disruption of the Beclin-Bcl-2 complex ( 24 ). It has also been suggested that de novo sphingolipid biosynthesis might supply the ceramides that are vital for the formation of the autophagosome membranes derived from the ER, thus stimulating autophagosome formation ( 25 ) . Ceramides with fatty acid chain lengths of 20 and longer were elevated by induction of de novo sphingolipid synthesis in the liver, indicating that ceramide synthase 2 and possibly ceramide synthase 4 were involved in their production ( 2 ) . The levels of the ceramides with C22-24 fatty acids, synthesized by ceramide synthase 2, are critical for proper membrane function and homeostasis in liver (62) (63) (64) . An imbalance in their levels may induce autophagy. S1P has also been shown to induce autophagy by both intracellular and extracellular mechanisms. Depletion of gives rise to a fully catalytically active SPT ( 41, 48 ) has enabled us to express the active enzyme in the liver of mice and to determine its direct effects on autophagy. This is the fi rst in vivo model to achieve robust elevation of SPT activity by direct genetic manipulation. Earlier studies of de novo sphingolipid biosynthesis initiation relied on secondary stimuli (such as lipopolysaccharide and chemical agents) to activate SPT, which likely activate other pathways and are thus diffi cult to harness for in vivo studies.
The fi nding that ceramide levels rise when autophagy is blocked has potentially important implications for human disease. Elevations in ceramide levels have been linked as a pathogenic factor to a number of conditions, including obesity ( 10 ), diabetes ( 9 ), neurodegeneration ( 36, 37 ) , and aging ( 34, 35 ) . All of these conditions have been associated with dysfunctional autophagy ( 67 ) . Our data are consistent with the possibility that an impairment in autophagy may lead to elevations of cellular ceramide, which in turn may disturb signaling cascades involved in their pathogenesis.
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